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corner, where the tip of the needle was pushed through the skin. The needle was removed and 
probe was inserted inside the lumen of the cannula, which was then pulled out from the insertion 
site leaving the tip of the probe in the middle of the burned area in the dermoadipous plane. Three 
CMA/Microdialysis Apparatuses and 7 probes were used simultaneously for each burned animal: 
1 probe was inserted into each burned area (6/animal) and 1 probe identically to the non-burned 
control site (Figure 3). The probe was perfused with isotonic saline solution (Ringersteril®) at a 
flow rate of 3.3 µl/min with a relative recovery of about 35 % for histamine in vitro 
(Horsmanheimo et al 1994). Eluate fluid for histamine analysis was collected at 1, 2, 6, 12 and 24 
hours post injury using a collection time of 30 minutes. Samples for the determination of plasma 
histamine concentrations were collected from a venous cannula before creating the burn and at 
the same time as the microdialysis samples.  
 
 
 
Figure 3. The microdialysis probes inserted in the dermoadipous plane in the 1, 3 and 9 second burn sites 
and the non-burned control site at 24h postinjury. 
 
4.7. Determination of histamine concentrations (II) 
 
   Histamine assay was performed in duplicate of one probe from each site by the radioenzyme 
method using tritium-labelled S-adenosylmethione (Amersham International, Amersham, UK) 
and liquid scintillation counting for measurement of the radioactivity as described by Harvima et 
al (1988). The detection limit of histamine is about 0.5 - 1.0 nM for a 20 μl sample. This 
sensitivity enables the detection of the histamine content of one single mast cell. At the end of the 
experiment all burned sites were excised with the microdialysis probe left in place. In order to 
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verify the correct location of the probe, the skin and subcutaneous fat were separated sharply with 
scissors. 
4.8. Dielectric measurements (III) 
 
   The dielectric properties of a biological material change with the frequency used in performing 
the dielectric measurements. The dielectric polarization arises from a physical displacement of 
charge. The dielectric technique is based on an electronic control unit which generates and 
transmits high-frequency electromagnetic waves into a coaxial line (Alanen et al 1998). The line 
is terminated by the open-ended coaxial probe which is manually placed onto the skin. In skin, 
the induced electric field interacts mainly with water molecules in tissue (Foster and Schwan 
1989). The extension of the electric field is dependent on the diameter of the circular probe 
(Lahtinen et al 1997).  
   The portion of the electromagnetic energy which is not absorbed by tissue water is reflecting. 
The reflected wave is collected by the same probe (Delfin Technologies Ltd, Kuopio, Finland) as 
used for wave transmission. From the properties of the reflected wave the dielectric properties of 
the investigated site are determined (Alanen et al 1998, Stuchly and Stuchly 1980) and analysed 
by the HP8753C network analyser (Hewlett Packard Co, USA). A high-frequency 
electromagnetic field is transmitted through the coaxial probe onto the surface of the skin. When 
performed with 300 MHz, the dielectric measurement specifically gives information about the 
amount of both bound and free water (= total water) in tissue (Nuutinen et al 1998). Therefore, 
the relative changes in the measured value, the dielectric constant, are also relative changes in the 
water content of the measured site. Since the dielectric constant of vacuum is 1 (= no water) and 
that of water 78.5, the values measured on healthy human skin are between these values, typically 
of the order of 40 (Nuutinen et al 2004). The measurement is non-invasive and instantaneous. 
   The dielectric measurements were performed from the center of each burn and control site by 
placing 3 probes (Delfin Technologies Ltd, Kuopio, Finland) of different sizes successively on 
the injured skin at different time points post burn. The outer diameters of the probes were 5, 15 
and 30 mm (Figure 4). The effective measurement depths of these are 0.5, 2.5 and 5.0 mm 
yielding information from the upper dermis, whole dermis and dermis-subcutaneous fat, 
respectively (Lahtinen et al 1997). Placing the probe as parallel to the skin as possible and using a 
gentle contact between the probe and the skin care was taken to both avoid air gap formation 
between the probe and the skin and, on the other hand, to avoid fluid escape from under the probe 
(Figure 5). As the dielectric constant is directly related to tissue water content (Schwan 1993-
1994) the changes in the dielectric constant represent changes in tissue water content.  
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   Histologically at 24 hours post injury the 1 second contacts lead to a superficial dermal injury 
(level 2), the 3 second burn to a partial thickness injury (level 3-4) and the 9 second burn to a full 
thickness (level 5) injury. Accordingly, these contact times and the follow-up time of 24 hours 
were chosen for study 2. Some histological findings are presented in Figures 7 a-c. 
 
  
Figure 7a. Normal pig skin from the non-
burned control area with intact epidermal layer 
(arrow) and the patent vessel (asterix). 10X 
 
 
 
 
Figure 7b. Subepidermal blistering (arrow) and 
hyperemia (asterix) in a 12 s burn 2 hours post 
burn. (10X) 
 
 
 
Figure 7c. Thrombosis (arrow) within the 
lumen of a vessel in the dermo-adipous 
junction. Also neutrophil infiltration is 
present. (20X) 
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5.1.2. Skin thickness (I) 
 
   The skin thickness of the non-burned control site remained unchanged (1.6 mm, range 1.5 - 
1.73 mm) throughout the study. The skin thickness in the 1 second burns was greater compared to 
both the control site (p = 0.005 at all time points) and to the 3, 6, 9 and 12 second burn sites (p = 
0.005-0.012) throughout the study period. The skin thickness in the 3, 6, 9 and 12 s burns was 
greater than the skin in the control site at all times (p = 0.005-0.037) except the 3 s burn at 2 
hours (p = 0.285) and 72 hours (p = 0.92) and the 12 s at 72 hours (p = 0.767). There were no 
differences between the 3, 6, 9 and 12 second sites.  
 
5.1.3. Study 2  
 
   The 3 second burns were significantly deeper than the 1 second burns (p = 0.004) and the 9 
second burns were deeper than both the 1 second (p = 0.006) and the 3 second burns (p = 0.005).  
The mean burn depths of different contact times are presented in Figure 8.  
   The kappa coefficient for intra-observer variation between two repeated analyses of 35 
histological samples by the same pathologist in Study 1 was 0.83. The repeatability of burn depth 
creation between Studies 1 and 2 yielded a kappa coefficient 0.92.  
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Figure 8.  Mean histological depth (+ 1 SE) of thermal injury in Study 2. 
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water content in the upper dermis in the superficial burns resembled closely that of unburned skin 
correlating to mild injury. However, it was increased at 8 hours post injury when the whole 
thickness of the skin was taken in account. The partial thickness burns demonstrated increased 
tissue water in whole skin at 8, 24 and 72 hours post injury relating to a more severe permeability 
disorder. As the superficial and partial thickness burns do not involve the lower dermis, the 
reticular vascular plexus is intact being the site of elevated vascular permeability in skin. As 
suspected, the full thickness burns showed lower water content in the upper dermis throughout 
the follow-up period although the difference between the unburned control sites was significant 
only at 24 hours. With the damage extending down to subcutaneous fat the vasculature of the skin 
is destroyed leading to a smaller amount of tissue capable for fluid exchange (Sokawa et al 1981).  
   The time course of the development of edema has been considered to have a rather rapid onset 
with the maximum reached at 4-6 hours post injury and dissolving starting at 24 hours post 
injury. The earliest time points of the original measurements in our study were not included in the 
analysis due to the problem of multitesting. Although the water amount remained in a 
surprisingly steady level throughout the study the highest dielectric constant values were 
constantly measured at 24 or 48 hours post injury in skin and at 8 or 24 hours in fat.  
   One of the purposes of this study was to determine whether the dielectric measurements aided 
early differentiation of partial and full thickness burns. There are some earlier studies where 
burns of different depths are studied in relation to edema formation (Sevitt 1958, Cotran and 
Remensnyder 1968, Owen and Farrington 1976, Demling et al 1978, Sokawa et al 1981, Arturson 
and Jakobson 1985, Lund et al 1989, Sowa et al 2001, Shimizu et al 2002). In these studies the 
edema formation in superficial burns was compared to that of deeper burns. However, none of 
these studies compared the edema formation in different depths of skin. We found (with the 
superficial 5 mm probe) the tissue water content in superficial dermis in the full thickness burns 
significantly lower than in the 3 second burns during the first 24 hours and also lower than in the 
control site at 24 hours post injury. This relates to the early destruction of superficial dermis 
caused by a long contact time compared to mild injury with edema formation in the partial 
thickness burn. When the whole dermis was included in the measurements with the dermal 15 
mm probe the full thickness burns had again lower tissue water content than the partial thickness 
burns at 8, 24 and 72 hours post injury.  
   Since visible edema forms in the subcutaneous tissues after all but the most trivial cutaneous 
burns, analysis of the subdermal tissues as well as the skin seems essential (Sokawa et al 1981). 
However, we demonstrated that marked subcutaneous edema develops identically in all depths of 
burns and therefore fat edema measurements can not be used in burn depth evaluation. The 
explanation of this might lie in the anatomy of skin vasculature. Since skin blood vessels 
originate from deeper tissues, the burn injury-related obstruction of the superficial vasculature in 
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skin may increase the intracapillary pressure in the remaining deeper vessels (Figure 17). This 
would lead to a bigger escape of fluid from the vessels to the interstitial space due to the 
permeability disorder. On the other hand, according to this theory, considering the blood flow to 
the area remained the same, deeper burns would lead to an even higher intracapillary pressure in 
the remaining subcutaneous vessels compared to the more superficial ones resulting in more 
subcutaneous edema in these burns. This, however, was not seen in this study. Therefore, it is 
possible, that the maximum water accumulation in fat is accomplished early. 
 
 
 
 
 
 
  
 
 
Figure 17. Schematic illustrations of a possible mechanism relating to the increased tissue water in 
subcutaneous fat after thermal injury. Unburned site, partial thickness and full thickness burns are 
presented individually (unpublished). 
 
 

















